Two assays were developed to quantitate the adherence of an Escherichia coli strain (RDEC-1) known to colonize the mucosal surface of the small intestine of rabbits to brush borders isolated from rabbit intestinal epithelial cells. In the first assay, the mean adherence per rabbit brush border was determined by counting the number of organisms adhering to each of 40 brush borders under phase microscopy. The mean adherence of RDEC-1 (11.5 ± 0.7 per rabbit brush border) was significantly greater than adherence of two nonpathogenic strains: HS (2.7 ± 0.4 per rabbit brush border) and 640 (0.8 ± 0.1 per rabbit brush border). A similar distinction between the adherence of RDEC-1 and the control (nonadherent) organisms could be made more rapidly by determining the percentage of the total number of brush borders which had 10 or more adherent organisms; this second assay was used to define the optimum conditions for adherence. Maximum adherence was seen within 15 min. Adherence was temperature dependent, with adherence after 1 min at 37°C being fourfold greater than that at 4°C. The pH optimum for adherence was between 6.5 and 7.0, and adherence was abolished below pH 5.0. With the first, more sensitive assay, the effect of electrolytes and a number of hexoses and hexosamines on adherence was analyzed. RDEC-1 adherence was inhibited at high ionic strengths; however, adherence was not influenced at moderately high concentrations (20 mg/mil) by either D-mannose or L-fucose, in contrast to the case for other reported enteric pathogens. These two quantitative in vitro assays for adherence produce consistent results and have been used to partially characterize the adherence of RDEC-1 to rabbit brush borders.
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Adherence ofenteropathogenic bacteria to the mucosal surface of intestinal epithelial cells is an important determinant of virulence for some enteric organisms. Adherence of pathogenic Escherichia coli appears to facilitate the ability of the organism to colonize the small bowel by allowing the pathogens to replicate while resisting the possible clearing action of intestinal peristalsis. Enteric organisms already included among this group of adherent pathogens are porcine K88 (19, 22, 28, 38) and bovine K99 (4) strains of E. coli, Vibrio cholerae (20, 21) , and possibly the human enterotoxigenic E. coli, H10407 (12, 34) . Mucosal adherence is not an exclusive property of enteric infections, but has also been described with gonococcal (30) and E. coli (10, 23) infections of the urogenital tract and with streptococcal infections of the oral cavity (2) and heart valves (17) .
In most of these cases, bacterial adherence results from the mutual recognition and interaction of surface structures from both the bacteria and the host cells. Recent investigations have succeeded in identifying some of the adhesins on the surface of pathogenic organisms (12, 13, 18, 19, 28, 30, 31, 34) and to a lesser extent in identifying the constituents of the receptor on the host epithelial cells (1, 15, 29; C. P. Cheney, E. C. Boedeker, and S. B. Formal, Fed. Proc. 37:1727, 1978) . To study the optimal conditions for adherence and to further probe the biochemical nature of the involved structures by studying the effect of inhibitors on this interaction, an in vitro adherence model is desirable. A suitable in vitro model should correlate with the known characteristics of the infective process in vivo and in particular should possess the same host and tissue specificity.
For our studies in adherence, we chose the rabbit model of diarrhea reported by Cantey and Blake (5). They described a fatal diarrhea in young rabbits caused by a piliated enteropathogenic E. coli, RDEC-1 (015:NM). RDEC-1 appears to be an unusual organism among virulent enteric E. coli strains in that it is a noninvasive organism which does not synthesize either a classical heat-stable or heat-labile E. coli toxin. This organism was found to adhere and multiply on the surface of the ileum and the colon (36 5 mM Na2H2PO4, pH 7.5). All further procedures were done at 40C. The ileum was opened, the mucosal surface was scraped with glass slides, and the scrapings were placed in EDTA buffer. Rabbit brush borders (RBB) were prepared from these mucosal scrapings by the method of Donaldson et al. (8) by differential centrifugation. Purity of the brush border preparations was assessed by examination under phase microscopy ( Fig. 1A) and by following the enrichment of maltase activity by the method of Dahlquist (7). Brush border preparations were subjected to repeated slow-speed centrifugation until nuclear contamination was essentially eliminated. Maltase activity of the final rabbit ileal brush borders was enriched between 9-and 13-fold compared with the homogenates. The final brush border fraction was resuspended in phosphatebuffered saline (PBS) (0.145 M NaCl, 0.01 M Na2HPO4-NaH2PO4, pH 7.0). Brush borders were prepared fresh daily for each assay. Protein was estimated by the method of Lowry et al. (26) , and brush borders were diluted to a final concentration of 1 mg/ml with PBS. The number of RBB per milligram of brush border protein was determined by counting in a hemacytometer under phase microscopy and found to average 2.65 (±0.25) x 107 RBB/mg. Bacterial strains. Three strains of E. coli were examined for their ability to adhere to rabbit brush borders. The RDEC-1 strain (015:K?:NM) was isolated by J. R. Cantey (Veterans Administration Hospital, Charleston, S.C.) from laboratory rabbits that spontaneously developed diarrhea. Two strains of E. coli were used as controls: 640 (06:H5), isolated from the intestinal flora of a normal rabbit, and HS (O undetermined:H4), isolated from a normal human fecal sample and used earlier as a nonpathogenic control strain (25) . Neither strain agglutinated RBB in vitro or caused diarrheal disease in rabbits in vivo (C. P. Cheney, E. C. Boedeker, M. K. Diadato, and S. B. Formal, Gastroenterology 76: 1112, 1979) .
Bacterial cultures were grown overnight at 37°C in 10 ml of Penassay broth (Difco Laboratories, Detroit, Mich.) in screw-topped culture tubes. Bacteria from a single tube were pelleted at 2,400 x g at 23°C for 5 min, washed twice in PBS, and resuspended in 2 mil of PBS. Final concentrations of the bacteria were measured by plating serial 10-fold dilutions of the PBS suspensions on MacConkey agar plates and determining colony-forming units per milliliter after overnight incubation at 37°C. The final concentrations of bacteria used in this study were 2 x 109 to 4 x 109/ml.
In vitro bacterial adherence assays. A 50-p1 amount of purified RBB (50 ytg of protein, 106 brush borders) was mixed with a 20-,ul suspension of bacteria (108 E. coli) and 30 ,l of PBS and allowed to incubate for up to 30 min with shaking at 23°C. The tubes were examined visually for agglutination, and phase microscopic examination at 600x revealed large aggregates of coagglutinated brush borders and RDEC-1 (Fig.  1B ). Initially this reaction was evaluated by rating the aggregates from 0 to +4, but such scoring was not sufficiently quantitative. However, it was found that mixing for 10 s on setting no. 5 with a Vortex-Genie (Scientific Industries Inc., Bohemia, N.Y.) would disperse the large aggregates into individual brush borders without eliminating the brush border-bacterial interactions, thus permitting quantitation of the number of organisms adhering to each brush border. In the first assay (assay I), bacterial adherence to dispersed brush borders was quantitated by observation under phase microscopy at a magnification of 600x and reported as the number of organisms adhering per RBB. To more rapidly monitor bacterial adherence, a second adherence assay (assay II) was established with the same incubation conditions. Adherence in this assay was expressed as the percentage of RBB possessing 10 croscopy ( Figure 1B) , whereas 640 remained uniformly dispersed, and only occasional clumping of up to four brush borders with HS could be found. After blending in a Vortex mixer, the large aggregates of RDEC-1 and brush borders were dispersed, and individual brush borders with adherent RDEC-1 were observed (Fig. 10) .
The cytoplasmic side of the brush borders was essentially free of any adherent RDEC-1 organisms as far as could be detected by phase microscopy at this magnification. In each RDEC-1 incubation, a number of brush borders remained free of adherent RDEC-1 organisms. Strain 640 continued to show an absence of adherence to RBB even after mixing (Fig. iD) .
Quantitation of in vitro RDEC-1 adherence to RBB. Assay I: mean number of adherent organisms per RBB. To demonstrate quantitatively that the adherence of RDEC-1 was significantly greater than that of the control E. coli strains, the number of adherent organisms on each of 40 brush borders after a 15-min incubation at 230C was counted in at least three separate studies (different brush border preparations) per strain. From these data, the mean number of adherent organisms per brush border standardd error) was calculated. Consistent with the microscopic appearance, IG. (Fig. 3) . Maximal adherence at 370C (82.6 ± 2.0%) was observed at 15 min. This degree of adherence was not achieved at 40C within 15 min; however, continued incubation to 60 min revealed that adherence at 40C had reached a level comparable to that seen at 370C after 15 min. The half time for maximal adherence was less than 1 min at 370C, 2 min at 230C, and 7 min at 40C. As shown in Fig. 3 , binding within the first minute was fourfold greater at 370C than at 40C (P < 0.001). (iii) Effect of changes in pH. The ability of a change in pH to reverse RDEC-1 adherence was assessed. Samples of brush borders and RDEC-1 were incubated at 23°C for 15 min in PBS at pH 7.0, and the percentage of brush borders with 10 or more RDEC-1 was determined. At this point, all of the samples demonstrated comparable adherence values. Each sample was then centrifuged at 750 x g for 10 min at 4°C, the supernatants were aspirated, and the pellets containing RBB with adherent RDEC-1 were resuspended in buffers of varying test pHs. The samples were then incubated at the test pH for an additional 15 min. RDEC-1 adherence, determined by assay II, was plotted against pH (Fig. 4) . No change in RDEC-1 adherence occurred between pH 6.5 and 7.0; however, a dramatic reversal of adherence occurred at test pHs below pH 6.0. At pH 4.3, RDEC-1 adherence was abolished. Changes in adherence at low pHs were associated with changes in the appearance of brush borders which became contracted and opaque. In addition, at very low pHs (below 3.0) RDEC-1 was observed to precipitate out of suspension.
Since the above experiment actually represents a desorption or reversal of RDEC-1 adherence, a second experiment was performed to investigate whether a similar effect on adherence occurred when the pH of the reaction mixture was altered at zero time. The profile of the pH curve for RDEC-1 adherence was identical to Fig. 4 Effect ofpHon RDEC-I adherence to RBB. Assay tubes containing RDEC-1 and RBB in PBS (pH 7.0) were incubated for 15 min at 23'C. The reactants were sedimented by centrifugation and resuspended at test pHs in the following buffers: citric acid-Na2HPO4 for the pH range 3 to 7; NaH2PO4-Na2HPO4 for the pH range 6 to 8; and glycine-NaOH for the pH range 9 to 10. Incubation was continued for 15 adherence. None of the other carbohydrates significantly influenced RDEC-1 adherence.
DISCUSSION
Since a major goal in studying bacterial adherence to mucosal surfaces is to identify the determinants involved with the hope of finding inhibitors of adherence, quantitative assays for in vitro adherence are needed. Such assays can be used to establish conditions for optimum adherence and to test whether isolated bacterial adhesins or brush border receptors, their analogs, or their constituents can inhibit the reaction. We have developed two in vitro assays for RDEC-1 adherence, the first, a sensitive but time-consuming assay in which the number of adhering organisms per brush border was enumerated, and the second, a more rapid assay which provides the ability to test numerous experimental conditions on any given day.
These assays were used to demonstrate the adherence of RDEC-1 to brush borders from rabbit ileal cells. Frequently, as many as 30 organisms were observed adhering to the mucosal surface of individual brush borders, indicating the presence of RDEC-1 receptors on the brush borders. However, the actual number of RDEC-1 receptors may be far larger than the number of adhering organisms since the steric hindrance of the organisms may permit only partial saturation of the total number of receptors that might be present on the brush border surface. Of interest in this context, calculations using the average dimensions of an RDEC-1 organism (1.5 by 4.0 ,tm) and the approximate area at the apical end of an epithelial cell (166 ,tm2) indicated that the number of RDEC-1 needed to form a continuous monolayer of contigous bacteria lying lengthwise on the surface of each brush border would be approximately 28 organisms.
In contrast to RDEC-1, both of the nonpathogenic control E. coli strains, 640 and HS, failed to adhere or did so only to a minor extent. This finding could indicate either that there are significantly fewer receptors for these nonpathogenic bacteria on the brush borders or that the receptors present have a markedly lower binding affinity for the nonpathogens than for RDEC-1.
Using the adherence assays, experiments performed to determine the optimal conditions for RDEC-1 adherence showed that the RDEC-1 bound to isolated ileal brush borders rapidly (within 15 min) at both 23 and 370C. However, adherence at 40C was fourfold lower than that at 37CC at 1 min. This temperature dependence of binding suggests a possible enzymatic step in the adherence phenomenon. Alternatively, the lower temperature may have decreased the fluidity of host receptor sites in the RBB membranes, thereby delaying the rate of formation of a critical receptor concentration which may be needed for binding of RDEC-1 to the brush border (3, 14) .
The optimal pH for RDEC-1 adherence occurred between pH 6.5 and 7.0, with inhibition of RDEC-1 adherence observed below pH 6.0. At pH of 4.3, RDEC-1 adherence was completely abolished. This inhibition of adherence may have been attributable to inhibition of enzymatic activity or conformational changes in the adhesins on the surface of the bacteria or in receptors on the brush borders. One possibility is a physical change at the isoelectric point (pI) of the structure involved in adherence. Recently, surface antigens on other enteric E. coli strains 26, 1979 have been correlated with their in vitro adherence. In particular, the K88 and K99 antigens of porcine and bovine enteric E. coli are thought to be the bacterial adhesins. These antigens have been isolated, and their pIs were found to be between 4.0 and 5.3 (27, 35) . Although the adhesin on RDEC-1 has not been identified, it is possible that the inhibition of RDEC-1 adherence below pH 6.0 may be associated with a change in the biological activity of the adhesins in that pH range.
Depression of adherence observed in the presence of increasing salt concentration suggests that an initial step in RDEC-1 adherence might involve an electrostatic attraction of oppositely charged receptors on the host and bacteria. The presence of a high salt concentration may have neutralized the electrostatic force which normally governs the attraction of bacterial adhesins to host receptors.
In each in vitro RDEC-1 adherence assay, the number of RDEC-1 adhering to the brush borders varied from 0 to 30. The observation that some brush borders have few or no adhering organisms might relate to Cantey and Blake's original finding (5) that RDEC-1 preferentially adhered to villus tip cells in the ileum. The reason for such preferential adherence remains to be determined; however, a possible explanation may lie in the biochemical differences of the mucosal surfaces of epithelial cells along the intestinal villi. It is well known that the carbohydrate composition of the mucosal surface changes because of glycosylation of mucosal glycoproteins during the migration of epithelial cells from the crypts to the villus tips (24, 37) . This difference in carbohydrate composition is thought to be responsible for demonstrated differences in lectin binding to cells from villus tips and crypts (11) .
Recent studies on adherence of various bacterial strains to host epithelial cells have focused on the sensitivity of bacterial adherence to various monosaccharides. The hypothesis that adherence results from the ability of the bacterial adhesins to recognize and bind to carbohydrate receptors on the cell surface of the host has been suggested. Initial evidence for this came from the work of Collier and DeMiranda (6) , who demonstrated that D-mannose inhibited the ability of some enteric pathogens to adhere to mammalian cells. Later, Duguid and Gillies (9) were able to inhibit both agglutination of erythrocytes and attachment to intestinal epithelial cells by piliated bacteria with D-mannose, amethyl-mannoside, and yeast mannan. Subsequently, the adherence of Salmonella typhi and a piliated K-12 strain of E. coli to host phagocytes was also shown to be markedly inhibited in the presence of these carbohydrates (1). Furthermore, binding of purified pili from a K-12 strain of E. coli was found to possess the identical sensitivity to D-mannose and its analogs as did intact organisms (32, 33) . Adherence of V. cholerae to rabbit intestinal mucosa shows greater sensitivity to L-fucose than D-mannose (20) . The present study shows that RDEC-1 adherence to ileal RBB is different from the above bacterial systems in that it is resistant to D-mannose and other monosaccharides. Other E. coli strains whose adherence to host cells is known to be mannose resistant include the human diarrheal pathogens possessing the CFA factor (colonization factor antigen) found on H10407 (D. G. Evans, D. J. Evans, and T. R. Deetz, Abstr. Annu. Meet. Am. Soc. Microbiol. 1978, B8, p. 15), the K88 porcine (15) and K99 bovine enteric E. coli (4) , and E. coli pathogens isolated from patients with urinary tract infections (10) . Although the high concentrations of hexoses used in the reaction mixtures suggest that a lectin-like interaction is not involved in RDEC-1 adherence, the possibility remains that oligosaccharides with structures more complex than those of the hexoses tested serve as the bacterial receptors on host epithelial cells.
In summary, RDEC-1 is a new example of an enteropathogenic organism whose virulence is associated with adherence to the intestinal mucosa both in vivo and in vitro. The quantitative and rapid in vitro adherence assays reported in this paper have been utilized to define the optimum conditions for adherence, to demonstrate the sensitivity of the adherence interaction to salt concentration, and to show its resistance to D-mannose and other monosaccharides. We anticipate that these adherence assays will be used in future studies to investigate critical determinants of adherence localized on bacterial and host cells.
